It is well-established that neurons in the adult mammalian central nervous system (CNS) are terminally differentiated and, if injured, will be unable to regenerate their connections. In contrast to mammals, zebrafish and other teleosts display a robust neuroregenerative response. Following optic nerve crush (ONX), retinal ganglion cells (RGC) regrow their axons to synapse with topographically correct targets in the optic tectum, such that vision is restored in ~21 days. What accounts for these differences between teleostean and mammalian responses to neural injury is not fully understood. A time course analysis of global gene expression patterns in the zebrafish eye after ONX can help to elucidate cellular and molecular mechanisms that contribute to a successful neuroregeneration. To define different phases of regeneration after ONX, alpha tubulin 1 (tuba1) and growth-associated protein 43 (gap43), markers previously shown to correspond to morphophological events, were measured by real time quantitative PCR (qPCR). Microarray analysis was then performed at defined intervals (6 hours, 1, 4, 12, and 21 days) post-ONX and compared to SHAM. Results show that optic nerve damage induces multiple, phase-related transcriptional programs, with the maximum number of genes changed and highest fold-change occurring at 4 days. Several functional groups affected by optic nerve regeneration, including cell adhesion, apoptosis, cell cycle, energy metabolism, ion channel activity, and calcium signaling, were identified. Utilizing the whole eye allowed us to identify signaling contributions from the vitreous, immune and glial cells as well as the neural cells of the retina. Comparisons between our dataset and transcriptional profiles from other models of regeneration in zebrafish retina, heart and fin revealed a subset of commonly regulated transcripts, indicating shared mechanisms in different regenerating tissues. Knowledge of gene expression patterns in all components of the eye in a model of successful regeneration provides an entry point for functional analyses, and will help in devising hypotheses for testing normal and toxic regulatory factors.
Background
It is well known that shortly after development neurons in the mammalian central nervous system (CNS) lose an ability to regenerate following i njury. 1 A model commonly used to study this phenomenon is the optic nerve because of its accessibility.
2 When injured, retinal ganglion cells (RGCs), whose axons comprise the optic nerve, show only a transitory sprouting response and no long distance regeneration to the visual processing areas of the brain. 2, 3 Nonetheless, some RGCs can extend their axons into a peripheral nerve graft sutured to the cut end of the optic nerve. 3 Also, when cultured in a peripheral nerve milieu, RGCs show enhanced regeneration of their axons. 4 These observations provide evidence that mature neurons in the mammalian CNS retain some capacity to regenerate their axons under specific conditions. It has been proposed that the extracellular environment of the adult CNS is responsible for the failure to regenerate. 5 These detrimental environmental conditions include the infiltration of immune cells from the breakdown of the blood-brain barrier, the release of inflammatory cytokines from immune cells and microglia, inhibitory factors secreted from the myelin, and the formation of a glial scar. 6 In marked contrast to mammals, adult teleost fish have the ability to successfully repair axonal injuries in the CNS and regain function. Studies in zebrafish show that transsection of the spinal cord leads to the re-growth of severed axons and the recovery of swimming behavior. 7 Likewise, injury to the fish optic nerve results in the re-growth of RGC axons, reestablishment of synapses with topographically correct targets in the optic tectum, and the eventual restoration of vision. 8, 9 The teleostean optic nerve has been a popular morphological model for the study of regeneration since the 1950's. Following ONX in goldfish, axonal sproutings occur at the cut end of the optic nerve within 3 days, and by 6 days bundles of axonal sproutings penetrate into the injury site. 10 The regenerating axons first reach the tectum at 10-12 days after crush and the retinotectal connections are formed between 20 and 40 days post-crush, although the retinotectal topography slowly improves over several months. 11, 12 Corresponding to morphological events, injury to the fish optic nerve induces a response in the ganglion cells that is associated with the increased biosynthesis of cytoskeletal proteins such as alpha tubulin 1 (tuba1) and growth-associated proteins (GAP) such as growth-associated protein 43 (gap43). [13] [14] [15] [16] [17] GAPs are transported by the cytoskeletal proteins to the injured end of the axon, where they are incorporated into the membrane of the growth cone. 18 As previously measured by semi-quantitative RT-PCR and in situ hybridization in zebrafish, the expression patterns of tuba1 and gap43 define four major phases of the regeneration process. The injury response phase occurs less than 1 day post-ONX during which there is no visible induction of tuba1 or gap43 expression in the RGCs. The preparation for outgrowth phase (1-7 days post-ONX) is marked by the up-regulation of both genes in the RGCs to their maximum levels. The axon extension phase occurs between 5 and 18 days post-ONX during which the up-regulation of tuba1 and gap43 expression begins to decrease. Target contact and synaptic refinement is the last phase of regeneration (14-25 days post-ONX) and is marked by the return of tuba1 and gap43 expression to baseline levels in the RGCs. [19] [20] [21] [22] [23] To account for differences between mammalian and teleostean responses to neural injury, it has been suggested that the environment surrounding the fish RGCs is permissive, rather than inhibitory, to the growth of axons. 7, 24, 25 How this favorable setting for axonal regeneration is achieved and, in particular, what are the underlying regulatory mechanisms, has yet to be fully understood.
A sequenced genome and the availability of microarrays, morpholino-mediated knockdown technology and many different natural mutants have made the zebrafish an attractive model to study genes and processes involved in damage-induced regeneration in the eye. [26] [27] [28] To characterize successful optic nerve regeneration, we analyzed the transcriptional response in the zebrafish eye at 6 hours and 1, 4, 12 and 21 days after ONX. These time points span the major phases of regeneration as previously defined by morphological and gene marker criteria. We chose to use the whole eye in order to include possible signaling contributions from the vitreous, glial, immune and vascular elements, as well as the different neural cells of the retina. During the course of our study, Veldman and colleagues 29 reported gene expression changes occurring in laser dissected RGCs 3 days after ONX, and Qin et al 28 recognized commonalities in the genetic program of light-damaged retinas and surgically damaged zebrafish heart 30 and fin. 31 Comparison of our data set with results of these earlier studies confirms and extends these analyses.
Methods

Zebrafish and ONX
Wild type adult male zebrafish, Danio rerio, were obtained from a commercial supplier (Ekkwill, Gibsonton, FL) and maintained in 30 gal aquaria at 28 °C on a 14:10 light-dark cycle. 32 For optic nerve crush fish were anesthetized by immersion in 0.033% aminobenzoic acid ethylmethylester (MS222; Sigma, St. Louis, MO). 14, 29 The left optic nerve was exposed by gently pulling the eye out of the orbit and then crushing the nerve with forceps. Care was taken not to injure the blood vessel running along the optic nerve. If bleeding was visible following the surgery the fish was removed from the study. The eye was then gently replaced in the orbit. As a SHAM control the right eye of the same fish was gently pulled out of the orbit and replaced with the nerve remaining intact. The fish were then placed in a recovery tank. At timed intervals post-crush (6 hours and 1, 4, 12, and 21 days for microarray analysis; additional time points for qPCR analysis) the fish were euthanized by overdose of MS-222 and the eyes (including retina, lens, vitreous, anterior and posterior segments) removed, flash-frozen on dry ice and stored at −70 °C. For microarray analysis two biological replicates (2 pools with 5 eyes/pool for each time point) were prepared. Validation with qPCR was performed using three additional independent biological replicates (3 pools with 4-5 eyes/pool at each time point and condition). All animals were treated according to the guidelines of the Internal Animal Care and Use Committee of Boston University.
rNA extraction and reverse transcription (rT)
Pooled zebrafish eyes were homogenized in Tri Reagent (Sigma) and total RNA was extracted as previously described 33 and treated with DNase I (Roche, Indianapolis, IN). RNA prepared for microarray analysis was further purified using the RNeasy Mini Kit RNA cleanup protocol (Qiagen, Germantown, MD). An aliquot of each extract was used for spectrophotometry to determine RNA quality and concentration. RNA with a 260/280 ratio between 1.95-2.2 and a 260/230 ratio .1 and ,3 was considered satisfactory and was used in this study. Each RNA extract was assayed in triplicate and an average value was determined. A 1 µg aliquot was taken of each sample and electrophoresed on an agarose gel to confirm quality and concentration. cDNA was synthesized from total RNA (3 µg; 20 µl final reaction volume) with oligo(dT) priming using SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. A minimum of two RT reactions was performed for each biological replicate for technical replicate comparison.
Microarray preparation and analysis
Independent hybridizations of two biological replicates at each time point and treatment condition (SHAM/ONX) were performed. Processing and hybridization of the RNAs was performed by the Boston University Microarray Core Facility, Boston University MA. Total RNA was converted to biotinlabeled cRNA using Gene Chip One-Cycle Target labeling kit and hybridized to the zebrafish genome array according to the manufacturer's guidelines (Affymetrix, Santa Clara, California, United States). Genes that were considered differentially expressed at at least one time point were identified by a q value of less than 0.15 (6 hrs, 1, 4, 12, 21 days post-ONX versus time-matched SHAM), fold change of greater than 2, and Microarray Suite (MAS) 5.0 absent-present call. The differentially expressed probe sets were annotated based on NCBI's UniGene ID Resource using the Affymetrix NetAffx Analysis Center. Gene Ontology category assignments were determined using NCBI's EntrezGene (http://www.ncbi.nlm.nih. gov/sites/entrez?db=gene), Ensembl (www.ensembl. org) and Onto-Express (http://vortex.cs.wayne.edu/ ontoexpress). Hierarchical clustering with the average linkage method was performed using Cluster software and results were visualized using TreeView. 34 The full gene expression data set described here is accessible through NCBI's Gene Expression Omnibus (GEO) database (accession number: GSE19298).
qPcr and data analysis qPCR was performed on an ABI Prism 7900HT sequence detection system (Applied Biosystems) with SYBR green fluorescent label. Sample preparation, cycling parameters, and validation of elfa ( eukaryotic elongation factor alpha) as a normalizer were performed as previously described. 35 For each sample a dissociation step was performed at the end of the amplication phase to identify a single, specific melting temperature for each primer set. PCR was performed twice on each sample for a minimum of 12 data sets generated for each sample/gene combination (2-3 biological replicates × 2 RT reactions × 1-2 PCR runs × 3 reactions per PCR run). Data generated by qPCR were compiled and collected using SDS 2.2 software (Applied Biosystems). Data were exported to QGene to determine the PCR amplification efficiency (E) for each primer pair where E = 10 (−1/slope) as determined by linear regression analysis of a dilution series of reactions.
36 All amplifications had a PCR efficiency value between 1.83 and 2.3. Cycle threshold (Ct) values were adjusted for differences in efficiency of each primer set/gene target and normalized to elfa as an internal reference
). Normalized gene expression data from biological replicates were averaged and shown as fold-change of ONX/SHAM ± standard error of mean (SEM). Statistical analysis was performed using the Sigma-Stat 2.0 package (Aspire Software, Leesburg, VA). Data were analyzed by oneway analysis of variance (ANOVA) followed by the Tukey method for pair-wise multiple comparisons to determine significance with P , 0.05.
Oligonucleotides
All oligonucleotide primers were synthesized by Invitrogen. Gene-specific oligonucleotide primers were developed using Primer Express software (Applied Biosystems) except for elfa primers which were previously published. 37 All primer sets spanned an exon-exon junction to avoid errors due to contaminating genomic DNA. Primer sets were tested for specificity using standard RT-PCR and zebrafish embryo cDNA as template to verify production of a single band of the predicted size. Sequences for all primers used in this study as well as gene names, gene abbreviations and NCBI accession numbers can be found in Table 1 .
Results
Expression of axogenesis markers after optic nerve crush
To verify the time course of optic nerve regeneration in our fish, the expression of the known markers of axogenesis, gap43 and tuba1, was measured at defined intervals after ONX over a 3-week period (Fig. 1) . Both gap43 and tuba1 showed no induction at the earliest time point (6 hr) but were up-regulated significantly by 1 day following ONX. Whereas the up-regulation of tuba1 peaked at 1 day after ONX, gap43 reached a maximum at 4 days. Both markers remained elevated over SHAM controls throughout the remaining 21 days. These expression patterns strongly correlate to previous studies measuring axon outgrowth and tuba1 and gap43 mRNA levels. 20, 23, 38 Using these expression patterns as a guide, time points for microarray analysis were selected as follows: 6 hours post-ONX (injury response phase), 1 day post-ONX (injury response/ preparation for outgrowth phases), 4 days post-ONX (preparation for outgrowth phase), 12 days post-ONX (axon extension phase) and 21 days post-ONX (target contact/synaptic refinement phase).
global gene expression analysis following optic nerve crush
Microarray analysis was performed with biological duplicates at each time point. The gene expression data were represented as fold change of ONX over SHAM samples. Table 2 lists the probe sets that were altered at least 2-fold at each time point and the full list of transcripts altered throughout the time course can be found in Table S1 (supplementary data). Of a total of 14,900 probes on the array, 309 were significantly changed compared to SHAM as early as 6 hr post-ONX, but the number of up-or down-regulated transcripts at 4 days was 7-to 10-times greater than at all of the other time points. To better visualize the number and magnitude of the expression changes as a function of time after ONX, the transcripts altered at each time point were plotted against their corresponding fold changes (Fig. 2 ). This plot shows that for four of the time points (6 hours, 1, 12, and 21 days) the majority of the induced transcripts were up-regulated between 2-and 10-fold. By comparison, during the preparation for outgrowth at 4 days there were not only a greater number of genes up-regulated, but also a large percentage (.20%) of the transcripts were altered more than 10-fold. By contrast the number and magnitude of down-regulation of transcripts were similar at all time points with the majority of transcripts reduced 2-to 10-fold. A number of the most up-and down-regulated transcripts were incompletely annotated or were novel sequences; therefore, a list of the top ten most altered probe sets that corresponded to known genes was compiled (Tables 3 and 4) . Several genes were among the Table 1 . Oligonucleotides primers used for qPcr analysis of selected transcripts from microarrays.
Gene name
Gene symbol
most altered genes at more than one time point. Of the ten most up-regulated genes at 6 hours, 6 were also found at 24 hours after ONX, demonstrating that the pattern of transcription during the injury response phase substantially overlapped into the preparation for outgrowth phase. By contrast, comparison of the top ten most up-regulated genes at 4, 12 and 21 days revealed distinct phase-related expression profiles.
Validation of microarray analysis withq Pcr
To validate the microarray expression data, qPCR was performed on a subset of genes representative of two different temporal patterns (Fig. 3 ). Four genes, monoamine oxidase (mao), synaptoporin (synpr), cryptochrome 3 (cry3) and one cut like 1 (onecutl) were down-regulated transiently between 6 hours and 4 days post-ONX and their expression returned to SHAM control levels or increased slightly thereafter (Fig. 3a) . The second set of genes, cathepsin C (ctsc), myeloid peroxidase (mpx), granulin 1 (grn1), and keratin 18 (krt18) were markedly up-regulated in the injury response/preparation for outgrowth phase of regeneration and subsequently returned to baseline levels (Fig. 3b) . As shown in the right-hand panels, the qPCR expression of all eight genes in biological replicates strongly resembled the pattern found on the microarray (Fig. 3b) . The expression patterns of twentythree additional genes selected from the microarray were also measured by qPCR (Table S2 , supplementary data). These genes were selected on the basis of their direction or magnitude of change, their potential functional importance, or because they are genes of interest in our laboratory. 35 An additional twelve genes selected for validation were representative of six different gene ontology categories (Figs. 4 and 5; see below). Including gap43 and tuba1, more than 90% (41/45) of tested transcripts identified as up-or down-regulated on the microarray were successfully validated by qPCR using biological replicates.
gene ontology analysis of gene expression changes during optic nerve regeneration
The differentially expressed genes were categorized by gene ontology (GO). This analysis resulted in a large number of overlapping gene groups that were defined by various biological processes and molecular functions (Fig. 4) . These broad functional categories contained hundreds of identifiable genes; therefore, this analysis organized the data set into more specific functional groupings, in order to provide a broad depiction of the salient processes involved in optic nerve regeneration. As the 6 hour GO analysis strongly resembled the 1 day analysis and the 12 day time-point resembled either the 4 or 21 day analysis, for clarity only the 1, 4, and 21 day time points are shown. Broad categories like transcription and transport made up a large percentage of the total up-and down-regulated transcripts, with 27% of the transcripts Each data point represents the mean fold change (ONX/SHAM) +/− SEM of 3 independent biological replicates. Both genes showed significant differences across regeneration stages by one-way ANOVA P , 0.05. down-regulated at 4 days involved in transcription and 32% of the down-regulated transcripts at 1 day involved in transport. Several categories also showed temporally regulated expression patterns. As regeneration progressed, the number of transcripts involved in stimulus response and cell differentiation/tissue morphogenesis showed decreasing up-regulation and increasing down-regulation. The number of transcripts associated with calcium binding and glycolysis showed a strong down-regulation at 1 day that diminished at later time points. Transcripts involved in apoptosis comprised only a small proportion of the total regulated transcripts but there was a clear initial induction of transcripts involved in the process followed by down-regulation by the end of regeneration.
hierarchical clustering of functional groups identifies up-and down-regulated genes during regeneration
Several gene ontology functional groups were selected for further analysis by hierarchical clustering of the differentially expressed genes in each group and distinct temporal expression patterns emerged (Fig. 5a ).
Heat maps from six of these GO classes are presented in Figure 5 . In order to validate these expression patterns and develop a more specific time-frame for the regulation of these processes, qPCR was performed on two target genes from each cluster at nine time points: 0 hours, 6 hours, 1, 2, 4, 6, 12, 16, and 21 days post-ONX (Fig. 5b) . Many genes involved in glycolysis were down-regulated during the injury response and preparation for outgrowth phases of regeneration, with little change in expression levels during axon extension and synaptic refinement (Fig. 5a ). Genes gapdh and pgam2 which encode glycolytic enzymes, were steeply down-regulated in response to injury and their expression increased at later time points with gapdh leveling off before pgam2 (Fig. 5b) . The expression of a number of genes involved in cell adhesion changed little until the preparation for outgrowth phase began (4 days post-ONX; Fig. 5a ). Exceptions were the cell adhesion gene fibronectin 1 (fn1) and its receptor integrin (itga5). Both were up-regulated from the injury response through axon extension phases, between 6 hours and 12 days (with fn1 . itga5), and their expression then decreased and stabilized during the phase when target contacts are known to be established (Fig. 5b) . A large cluster of genes encoding calcium binding proteins were downregulated in response to injury (6 hours and 1 day post-ONX) but increased in expression during outgrowth preparation (4 days) before leveling off during phases defined by axon extension and synaptic refinement. Two members of the parvalbumin family of calcium binding proteins were assayed by qPCR (Fig. 5b) . The expression of pvalb2 and pvalb4 was strongly repressed at 1 day (~5-fold and 35-fold, respectively). Their expression then increased between 4 and 12 days (pvalb2 remained up-regulated through 16 days) and returned to approximately baseline levels by 21 days. The majority of genes involved in apoptosis were unchanged at all phases of regeneration except during preparation for outgrowth (4 days), where more than 80% of genes in this category were up-regulated (Fig. 5a ). The expression of pro-apoptotic genes caspase 8 (casp8) and BCL-2 antagonist of cell death (bad) showed a sharp increase between 1 and 4 days and transcript levels returned to baseline thereafter (Fig. 5b ). Many genes with ion channel activity were down-regulated during injury response and preparation for outgrowth phases (between 6 hours and 4 days), but a smaller set were induced in this early phase of regeneration (Fig. 5b) .
The expression of cholinergic and glycine receptors (chrnb3a and glra4b) was down-regulated very briefly between 2 and 4 days and then progressively returned to SHAM control levels as regeneration progressed (Fig. 5b) . The expression of genes encoding components of the cell cycle was mainly unchanged at all stages of regeneration except the phase of outgrowth preparation (4 days), where almost all transcripts in this category were up-regulated (Fig. 5a ). The genes cyclin E (ccne) and kinetochore-associated 2 like (kna2l ) were representative of the restricted temporal expression patterns of genes in this category, with an up-regulation between 2 and 4 days; however, kna2l remained induced through 6 days (Fig. 5b) . Expanded heat map clusters with full gene annotations can be found in Figure S1 (supplementary data).
comparison with other regeneration transcriptional profiles
In order to help elucidate the possible cellular origin of the observed transcriptional changes, we compared our dataset with one from another study which examined the gene expression changes in laser-dissected RGCs at 3 days post-ONX. 29, 30 Using our 4 day time-point for comparison, we found that 86% of the 313 transcripts up-regulated in the RGCs 3 days after ONX were also induced in the whole eye at 4 days (Table S3 , supplementary data). Of the top 20 most up-regulated transcripts in isolated RGCs, 19 were induced more than 2-fold in the whole eye. In addition, all 29 transcripts down-regulated in the RGCs were also reduced in the whole eye. Although technical differences in the microarray analyses in the two studies could account for some difference in fold up-or down-regulation, it is worth noting that plasticin, a gene known to be expressed in RGC, 39 was induced 30-fold in isolated RGC but only about 3-fold in eye. By contrast, induction of beta thymosin in RGC was about 60% of that in eye (29-vs. 49-fold), suggesting an additional cellular source. Also, whereas the measured induction of SRY-box containing gene 11b (sox11b) was similar in RGC and eye (9 and 10-fold, respectively), the SRY-box containing gene 11a (sox11a) transcript was induced to higher levels in RGC than eye (8 and 2.5-fold, respectively), implying that the two sox11 paralogs in zebrafish have evolved different expression domains, regulation or func- tion. Another study recently published by Saula et al looked at expression differences in the retina 24 hours after optic nerve injury or sham-treatment identified an up-regulation of atf3 in the retinal ganglion cells, the nerve fiber layer and the optic nerve of the injured eye. 40 Our study also recognized a regulation of atf3 in the injured eye, with initial up-regulation at 6 hours post-ONX (4.7-fold), further induction at 1 day post-ONX (8.6-fold), and maximal up-regulation at 4 days post-ONX (16.8-fold; Table S1 ).
To determine whether optic nerve regeneration shares common mechanisms with zebrafish heart and fin regeneration, we compared the gene expression profiles in the present study with those reported for heart and fin regeneration. 30, 31 Of the 829 and 662 transcripts differentially expressed in fin and heart regeneration, respectively, there were 132 overlapping transcripts, 119 up-regulated and 13 down-regulated. When these transcripts were compared to our regenerating optic nerve expression profile we found 68 up-regulated and 6 down-regulated transcripts commonly expressed among all regeneration models (Table S4 , supplementary data). Gene ontology analysis of these transcripts revealed that nearly a third were involved in cell cycle or cell adhesion functions, with remaining transcripts implicated in inflammation (3%), metabolism (9%), protein folding (7%), transport (7%), structural components (4%), and other/unknown processes (38%). A number of these commonly regulated genes were among the most induced genes in our dataset including granulin 1, activating transcription factor 3, embryonic transglutaminase, and TNF alpha-induced protein 6 (Table 3) .
Discussion
This study demonstrates that optic nerve damage induces multiple, phase-related transcriptional programs in zebrafish eye over the 21 day regeneration period. In general, the global gene expression patterns resemble what is seen with the established neuroregeneration markers gap43 and tuba1, with the maximum number of genes changed and the highest fold-change occurring between 1 and 4 days and smaller and more selective changes at later time points. It would be interesting to determine the corresponding time course pattern of genes expressed in the tectum where functional input is initially lost and by 21 days reformed and remodeled. 22, 41 On microarrays the two established markers show the expected pattern and, using qPCR, we are able to validate more than 90% (41/45) of selected transcripts identified as up-or down-regulated (see Results). This high success rate is good evidence that the data from the microarrays accurately represent the expression patterns of the different functional groups.
regulation of cellular processes during regeneration
Transcripts that were altered belong to many different cell types and gene ontology classes, indicating a broad impact of optic nerve injury on cellular functions of the eye. Further analysis of some of these functional groups reveals some unexpected cellular mechanisms altered by neural injury. 
Apoptosis and cell proliferation
Apoptosis and cell-cycle-related gene regulation demonstrates an interesting pattern which shows early periods of cell death-associated gene up-regulation following injury and a subsequent increase in cell proliferation-associated gene expression (Figs. 4 and 5) . Although this phenomenon remains mostly unexplored in zebrafish during regeneration, there have been reported changes in the number and distribution of RGCs after ONX injury. 42 In goldfish, studies show that 10%-20% of the RGCs are lost during a wave of cell death after ONX, which is a small number compared to mammals where nearly all RGCs undergo atrophy/apoptosis after injury. [43] [44] [45] Another study using in vitro organotypic culture of adult zebrafish retina reported a rate of nearly 50% RGC apoptosis as determined by TUNEL staining of the retinal explants after 10 days in culture. 46 This apoptosis has been attributed to the axotomy required to prepare the retinal explants. 47 The loss of RGCs in the explants do not appear to be compensated by cell proliferation as determined by BrdU uptake and labeling, although extensive proliferation is observed among other cell types. 46 These differences between in vivo and in vitro findings suggest that signals that are present in the intact organism, and lacking in the explanted retina, may be responsible for RGC survival and activation of axonal re-growth after ONX. Nonetheless, our gene expression findings suggest that there may indeed be a low rate of apoptosis following injury as well as an increase in cell proliferation. Whether proliferation is required to replace RGCs lost to apoptosis, or is necessitated by another cell type or another process such as DNA repair rather than proliferation per se will require further study.
Energy metabolism
One of the most striking results from the expression dataset is the near complete shutdown of glycolysisrelated gene expression during the early stages of optic nerve regeneration (Figs. 4 and 5) . It is wellestablished that neural injury leads to a disruption in blood flow which results in a depleted energy supply to the injured site. [48] [49] [50] In mammals, one way in which neurons attempt to compensate for this loss is by increasing local glycolytic activity. 51 While hyperglycemia can be beneficial to neurons it can also increase astrocytic cell death due to enhanced lactic acidosis. 51, 52 This disrupted brain glucose metabolism is a characteristic of traumatic brain injury that often predicts a poor prognosis. 53 In a study of patients with a subarachnoid hemorrhage, 50% of those who died showed hyperglycosis while all the patients who survived did not. 54 The reversal of this process in zebrafish, of reducing the expression of glycolytic enzymes rather than increasing their activity, may be advantageous by preventing the cell death that can result from hyperglycosis.
calcium signaling and excitotoxicity The steep down regulation of many calcium binding proteins almost immediately following optic nerve injury is another intriguing result of our analysis (Figs. 4 and 5) . A major contributory factor to neuronal damage and death after a neural injury is increased intracellular calcium levels. 55 Calcium signals in the form of intracellular calcium increases are sensed and transmitted by Ca +2 binding proteins in the cell. 56 Increased calcium levels can lead to pathologic activation of calcium binding proteins, which has been shown to inhibit essential neuronal survival mechanisms in neurodegenerative disease states. 57 One interpretation of the reduced expression of calcium binding proteins in zebrafish eye after ONX is that it may diminish the overall impact of injury-induced intracellular calcium levels by impeding calcium signaling pathways. Similarly, the reduction of glutamate and cholinergic receptor expression could be protective, as these receptors are known to be key mediators of excitotoxic cell death following calcium influx.
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role of other cell types in the rgc environment Our data show that many transcripts previously shown to be enriched in the lens and anterior segment of the eye (selenoproteins, annexins, collagens) 59 are up-regulated following optic nerve crush, while some transcripts highly enriched in the retina (phosducins, glutamate decarboxylases, n-myc, drgl) 59 are down-regulated during optic nerve regeneration. This is consistent with the view that gene regulation in cell types other than RGC somehow participate in creating a microenvironment that supports the successful regeneration of the optic nerve. Indeed there is ample evidence in the literature to support this point.
The presence and activity of photoreceptors is known to influence the propensity of ganglion cells to regenerate their axons in rat retinal explants and in the rat model in vivo. 60 Secreted signals from photoreceptors may also contribute to optic nerve regeneration. The retinol binding protein purpurin, secreted by photoreceptors, induces neurite outgrowth in retinal ganglion cells in goldfish. 61 On the other hand, we observed the down-regulation of numerous opsins involved in phototransduction, an indication that failure of photic transmission due to ONX, or signals emanating from damaged RGC, feedback on normal gene expression in photoreceptors.
Input from amacrine cells is also likely to be important in a successful regenerative response. Amacrine cells in the neonatal rat signal retinal ganglion cells to undergo profound and irreversible loss of intrinsic axon growth ability. 62 While the factors involved in this signaling have not yet been elucidated we did identify one family of genes known to be highly enriched in amacrine cells, the calcium binding parvalbumins, as briefly but strongly downregulated in response to injury in the optic nerve. The function of parvalbumin in neurons is not well understood although decreased expression of parvalbumin is observed in neuronal populations lost early in amyotrophic lateral sclerosis and in GABAergic interneurons in schizophrenia. 63, 64 Our study reinforces the view that immune cells play a role in optic nerve regeneneration by revealing that numerous macrophage derived factors including chemokines and cytokines (e.g. chemokine C-X-C motif receptors and eosinophil chemotactic cytokine) are induced following ONX. Also, a member of the crystallin family of proteins (i.e. crystallin, zeta), recently shown to stimulate inflammation and regeneration in the eye, 65 is one of the most up-regulated genes at our 4 day time point. Immune challenges or injury to the lens and vitreous elicit improved regeneration in mammalian models of optic nerve crush. 66, 67 Macrophages in particular are thought to secrete factors that promote neuronal survival and axon outgrowth. 68 Perhaps the most well-studied factors that facilitate or inhibit optic nerve regeneration are those derived from myelin, reactive glia or fibroblasts. 2, 6, 47, 69 Ephrins expressed on astrocyte/fibroblast membranes, semaphorins produced by fibroblasts, netrins common factors in different models of regeneration Another approach to identify factors that facilitate regeneration is to compare the transcriptional responses in different tissue types that also regenerate. Those factors that are common to all regeneration pathways are likely to play an important role in recovery from injury and in promoting regeneration. Zebrafish are able to regenerate not only their optic nerve but also their heart and caudal fin. 30, 31 Following partial amputation in both models, the initial response to injury is the formation of a clot or cap around the wound area (between 12-24 hours in fin and 2-3 days in heart). 80, 81 Regenerative outgrowth occurs when either cardiomyocytes surrounding the wound re-enter the cell cycle (in heart) or a group of progenitor-like cells, believed to derive from de-differentiated mesenchymal cells (in caudal fin) proliferate and migrate to replace the amputated tissue. 31, 82 The structure and function of the fin and heart are restored around 1-2 weeks and 2 months post-amputation, respectively. 30, 31, 80, 81 Of the transcripts identified as expressed in both heart and fin regeneration, more than half are also regulated during optic nerve regeneration (Table S4) . A large proportion of the up-regulated transcripts are involved in cell adhesion and cell cycle which indicates the importance of general cellular processes in regeneration. However, in all three models there is very little overlap in the down-regulated transcripts suggesting that signals requiring repression during regeneration may vary in different tissues.
During the course of our study, a report by Qin et al compared gene expression changes in heart, fin and photoreceptor regeneration in zebrafish. 28 They identified two genes, hspd1 and mps1, required for fin, heart and photoreceptor regeneration. These two genes are also induced in our optic nerve regeneration model. Collectively, these data indicate that a set of core molecules are regulated during regeneration of zebrafish heart, fin, photoreceptors, and optic nerve and suggest that it may also be productive to search for tissue-specific factors in the non-overlapping expressed transcripts.
Based on commonalities in different regeneration models and paradigms, at least at the molecular level, cross-comparisons are a valid approach to identify important regulatory pathways. For example, expressed on oligodendrocytes, and myelin-derived proteoglycans and neurocans are all known to inhibit adult axon regeneration. 69, 70 Several genes encoding each of these factors are down-regulated during the injury response and preparation for outgrowth phases of zebrafish optic nerve regeneration (Table S1 ) suggesting a zebrafish-specific mechanism to prevent this inhibition. There are also beneficial agents expressed in or secreted by glia such as tissue inhibitors or metalloproteinases, fibroblast growth factors, glutamate transporters, and connexins. [71] [72] [73] Many genes encoding these factors are up-regulated following ONX in the zebrafish (Table S1 ) signifying additional signaling pathways that support regeneration.
Despite the recognized contribution of diverse cell types in the promotion of neurite outgrowth, many studies focus only on the RGC per se. In particular, cultured RGC are a favored model. A great deal of work has studied RGCs with or without various additives to encourage neurite outgrowth or to neutralize inhibitory signals. [74] [75] [76] [77] [78] Another study which also utilized the zebrafish ONX model profiled gene expression patterns in isolated RGCs at 3 days post-ONX. 29 Results of this study provide a valuable comparison with our dataset (Table S3) as together they can help differentiate the transcriptional response of RGCs from that of other cell types in the eye during regeneration. Since there is ample evidence that mammalian RGCs maintain the intrinsic capacity to regenerate there are likely contributions from other cell types in the eye, including other retinal neurons, oligodendrocytes/astrocytes, and immune cells, which help determine a successful regeneration. A few groups have also investigated genome-wide responses to other types of retinal injury in zebrafish, specifically retinal excision 27 and light-induced photoreceptor ablation. 28, 79 These studies also identified time-dependent changes in global gene expression patterns following injury. Both the light-ablation and retinal excision models involve extensive proliferation of glial cells and neuronal differentiation to replace retinal cells destroyed/excised during the injury, which differs from the injury response to optic nerve crush. However, given the potential role for many cell types during optic nerve regeneration these studies provide a valuable complement to our time course study of optic nerve regeneration. treatment with the arylhydrocarbon receptor (AhR) ligand 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD) has been shown to impair caudal fin regeneration in zebrafish if exposure occurs within 4 days of amputation. 83, 84 In mice, TCDD exposure inhibits liver regeneration when administered before, or up to 12 hours after, partial hepatectomy. 85 The inhibition of tissue regeneration by TCDD across species suggests that AhR signaling, perhaps activated by endogenous ligand, interacts negatively with critical regenerative pathways. A recent study using morpholino technology established that the inhibition of zebrafish caudal fin regeneration by TCDD is dependent on the AhR and its heterodimeric partner, the AhR nuclear translocator (ARNT), 84 and further analysis suggested that crosstalk between AhR and Wnt signaling is responsible for the impairment of fin regeneration. 86 These studies in zebrafish fin, and a program of endocrine disruptor research in our laboratory, prompted us to re-examine our arrary for members of the AhR-Wnt signaling pathways specifically. Interestingly, a number of these are down-regulated in eye during the early injury phase of optic nerve regeneration (e.g. ahr2, cyp1b1). Although a causal relationship remains to be established, the observations described here illustrate the utility of gene discovery approaches, and comparisons across different test systems, to identify normal regulatory and toxic factors.
Conclusion
In conclusion, these results suggest that the key to regeneration is not the simple addition of growth factors, or the neutralization of inhibitory factors, but rather involvement of many different cell types in creating a permissive environment and a global change in the regulation of apoptosis, proliferation, metabolism, calcium signaling, cell-cell communication and many other cellular functions. Knowledge of gene expression changes in a model of successful regeneration provides an entry point for functional analysis using zebrafish mutants, morpholino knockdown, pharmacological and small molecule applications.
